Repeated exposures
to stress sensitize motor and addictive effects of drugs of abuse. Recently, it has been shown that stress-induced behavioral sensitization depends on the secretion of glucocorticoids. We investigated if sensitization of dopamine-dependent effects of psychostimulants and opioids was influenced by glucocorticoids. Sensitization of the dopaminergic response to drugs is considered the neural substrate of behavioral sensitization and has been implicated in vulnerability to drug abuse. Dopamine-dependent effects of psychostimulants and opioids were evaluated by injecting either amphetamine into the nucleus accumbens (10 &side) or morphine into the ventral tegmental area (VTA) (1 pgkide).
The locomotor response to psychostimulants and opioids injected in these brain areas depends on the mesencephalic dopaminergic transmission.
Drug-induced locomotion was compared in male rats in which corticosterone secretion was either in +tct or experimentally suppressed by an adrenalectomy associated with a substitutive treatment reproducing basal levels of the hormone.
Eight days of food restriction (80% of the initial body weight) were used as a stressor.
Suppression of stress-induced corticosterone secretion abolished food restriction-induced sensitization of the locomotor effects of intra-accumbens amphetamine and intra-VTA morphine.
This effect was corticosterone dependent since the restoration of corticosterone levels in the range of those induced by stress totally reinstates sensitization. Our results suggest that glucocorticoids control stress-induced sensitization by changing the sensitivity of the mesencephalic dopaminergic transmission to drugs of abuse. Life experiences, and in particular exposure to stress, can increase the sensitivity to psychomotor and reinforcing effects of drugs of abuse, a phenomenon known as behavioral sensitization. For example, exposure to various stressors increases the locomotor response to psychostimulants and opioids (Robinson and Becker, 1986; Kalivas and Stewart, 1991; Robinson and Berridge 1993; Stewart and Badiani, 1993) and the propensity to develop their intravenous or oral self-administration (Alexander et al., 1978; Hadaway et al., 1979; Schenk et al., 1987; Bozarth et al., 1989; Piazza et al., 1990; Maccari et al., 1991; Deminiere et al., 1992; Shaham et al., 1992; Shaham and Stewart, 1994) . Sensitization of the dopaminergic response to psychostimulants and opioids seems the principal neural substrate of behavioral sensitization (Robinson and Becker, 1986; Kalivas and Stewart, 1991; Robinson and Berridge, 1993) . First, behavioral effects of psychostimulants and opioids depend on the mesencephalic dopaminergic transmission (Fibiger and Phillips, 1988; Koob and Bloom, 1988; Wise and Rompre, 1989; Le Moal and Simon, 1991) . Second, the increase in extracellular concentrations of dopamine induced by these drugs is enhanced in animals sensitized by stress (Sorg and Kalivas, I99 I ) . Third, behavioral sensitization is suppressed by lesions (Post et al., 1988) or pharmacological blockade Vezina and Stewart, 1989) of the mesencephalic dopaminergic transmission. Recently it has been demonstrated that stress-induced behavioral sensitization depends on glucocorticoid hormones. Removal of the adrenal glands, the major source of endogenous glucocorticoids, suppresses the sensitization of the locomotor response to amphetamine and morphine induced by different stressors (Deroche et al., l992a, l993a, 1994) . Furthermore, repeated administration of corticosterone, the principal glucocorticoid in the rodent, can substitute for stress and sensitize the locomotor response to amphetamine (Deroche et al., 1992b) .
In this report, we investigated if stress-induced sensitization of the dopaminergic response to psychostimulants and opioids depends on glucocorticoids.
We studied the influence of corticosterone on the sensitization of the locomotor response to amphetamine and morphine injected, respectively, into the nucleus accumbens and the ventral tegmental area (VTA). These central effects of amphetamine (Kelly and Iversen, 1976; Delfs et al., 1990 ) and morphine (Joyce and Iversen, 1979; Kalivas et al., 1983; Vezina and Stewart, 1984) depend on the mesencephalic dopaminergic transmission. Glucocorticoids may act on sensitization through dopamine. Mesencephalic dopaminergic neurons have corticosteroid receptors (Htifstrand et al., 1986 ) and glucocorticoids can modify the metabolic activity (Versteeg et al., 1983; Rothschild et al., 1985) and the postsynaptic sensitivity of the dopaminergic transmission (Faunt and Cracker, 1988, 1989) .
Amphetamineand morphine-induced locomotion were studied in rats in which corticosterone secretion was either intact or experimentally controlled. In the latter case, animals were adrenalectomized and submitted to substitutive treatments reproducing either basal or stress levels of corticosterone.
Food-restriction was the stressor used to induce sensitization. This condition powerfully increases corticosterone secretion (Brooks et al., 1990) and sensitizes the locomotor (Campbell and Fibiger, 197 1) and reinforcing (Carroll et al., 1979; Carroll and Meisch, 1981; Carroll, 1982; Papasava and Singer, 1985; De Vry et al., 1989) effects of psychostimulants and opioids.
Materials and Methods

Subjects
Males Sprague-Dawley rats (Iffa Credo, Lyon, France) weighing 280-300 gm were used. Animals were individually housed with ad libitum access to food and water for at least 2 weeks before the beginning of the experiments. A constant dark-light cycle (on 6 A.M., off 20 PM.) was maintained in the animal house. Temperature (22°C) and humidity (60%) were controlled.
General methods Drugs and drug administration. Corticosterone 2 1 -hemisuccinate (AGRAR, Italy) was used and concentrations expressed as corticosterone base. D-Amphetamine sulfate and morphine sulfate were dissolved in a vehicle solution reproducing the electrolytical content of the cerebrospinal fluid and containing: 125 mM NaCl, 1.2 mM CaCl?, 2.7 mM KCI, 1.0 mM MgCl,, and buffered with 0.2 mM of Na,HPO,/NaHZPO, at pH 7.4. D--Amphetamine sulfate was bilaterally injected in the nucleus accumbens at a dose of 10 kg/side. Morphine sulfate was bilaterally injected in the ventral tegmental area (VTA) at a dose equivalent to 1 kg/side of morphine base. Central administrations were performed in unrestrained rats over a period of 90 set in a volume of 1 p.l/side. The injection cannulas (30 ga stainless steel) were descended 2 mm below the guide cannulas and left in place for 60 set both before and after the administration period.
L.ocomotor activity. Locomotor activity was measured in a circular corridor (10 cm wide and 70 cm in diameter). Four photoelectric cells placed at the perpendicular axis of the.apparatus automatically recorded locomotion. Since it has been previously shown that locomotor response to novelty is correlated with the sensitivity to the psychomotor effects of drugs (Piazza et al., 1989; Hooks et al., 199la,b; Deroche et al., 1993b) , we ensured a homogenous distribution of this factor throughout the different experimental groups. For this purpose, after a period of one week of habituation to the housing condition and before any other manipulation, animals were tested for locomotor response to novelty and evenly distributed in the different experimental groups according to their activity score cumulated over 2 hr of testing.
Food restriction. Rats were daily weighed at 6 P.M. The ration of food was given each evening at 7 PM. The first day of restriction, all rats received 4 gm of food. The following days, the ration of food was adapted to each rat so that the body weight attained 80% of the prerestriction weight over 6 d. Body weight was stabilized at this percentage for at least 2 d before testing.
Stereotaxic implantation. Under sodium pentobarbital (50 mg/ kg i.p.) anaesthesia, rats were placed in a stereotaxic apparatus (Kopf instruments) with incisor bar placed 5.0 mm above the interaural line. Chronic guide cannulas (23 ga X 10 mm stainless steel), positioned 2 mm above the final injection site, were implanted bilaterally according to the stereotaxic atlas of Pellegrino et al. (1979) . The guide cannulas were secured in place with the use of skull screws and dental cement. Removable 10 mm stainless steel blockers were inserted in the guide cannulas to prevent clogging. The stereotaxic coordinates relative to bregma were: A/P = +3.7 mm, L = +I.6 mm, V = -5.6 mm for the nucleus accumbens and A/P = -3.3 mm, L = ? 1.6 mm, V = -6.9 mm for the VTA.
Adrenalectomy. Adrenalectomy was performed, under ether anaesthesia, between 9 and 11 A.M., via the dorsal route. Shamoperated animals underwent the same surgical procedure except that the adrenals were not removed. Following surgery, NaCl (0.9%) was added to the drinking water of adrenalectomized rats. Corticosterone replacement treatments and experimental groups. Adrenalectomized animals were assigned to different experimental groups receiving different corticosterone replacement treatments aimed to reproduce either basal corticosterone levels or levels observed during stress: Basal corticosterone groups. Two different corticosterone replacement treatments were used in order to reproduce basal corticosterone secretion in the amphetamine and morphine experiments. For the amphetamine experiment, the treatment was designed to reproduce the diurnal levels of the hormone, whereas for the morphine experiment it attempted to mimic the entire circadian rhythm of corticosterone secretion. In fact, it has been previously shown that in adrenalectomized animals the psychostimulant-induced locomotor activity is recovered by a substitutive treatment reproducing the diurnal levels of corticosterone (Marinelli et al., 1994) . On the contrary, locomotor response to morphine is fully reinstated only when the entire circadian pattern of corticosterone secretion is reinstated (Marinelli et al., 1994) .
In order to reproduce basal diurnal levels, animals were implanted, at the time of adrenalectomy, with a subcutaneous pellet of corticosterone which releases, over a period of 20 d, a stable amount of the hormone, in the range of physiological diurnal levels. The corticosterone pellet contained 50 mg of corticosterone base adjusted to 100 mg with cholesterol (Meyer et al., 1979) . In order to reproduce the entire circadian rhythm of corticosterone secretion, adrenalectomized animals were implanted with the above described corticosterone pellets and received corticosterone (50 kg/ml) in the drinking water from 7 PM. to 8 A.M. Corticosterone in the drinking water reproduced the nocturnal rise in plasma corticosterone levels (Marinelli et al., 1994) . Stress corticosterone groups. In order to increase corticosterone levels in the range of those observed during stress, adrenalectomized rats implanted with a corticosterone pellet received corticosterone (100 p,g/ml) in their drinking solution throughout the entire experiment. This treatment was started concomitantly with food restriction. Corticosterone Assay. Blood for corticosterone assay was collected in heparinized tubes. Plasma, obtained after centrifugation, was stored at -20°C until assay. Plasma corticosterone was measured by radioimmunoassay (RIA kit, ICN Biomedicals, Inc.) using a highly specific corticosterone antiserum with a detection threshold of 0.1 p+g/lOO ml.
Histology. At the end of the experiments, the animals were anesthetized with sodium pentobarbital and perfused transcardially with 50 ml of 0.9% saline and then with 50 ml of 10% formalin. Brains were removed and stored in 10% formalin until histology. Brains were cut on a freezing microtome (Kryostat System, Dittes-Dispuva, Germany) and the precise location of the probe was determined in coronal serial sections using thionin staining. Only the animals with correctly placed implantations were included in the statistical analysis. Procedures E.~perimer~t 1: ~$%ect of .stress-inducrd c-orticosteronr secretion on the loconwtor responw to irltrcr-ucc,unlherIs injection qf amphetamine. Forty-eight rats were implanted with guide cannulas mto the nucleus accumbens. After IO d of recovery 20 rats were sham-operated (Controls) and 28 rats were adrenalectomized and implanted with a subcutaneous corticosterone pellet. Four days later animals were divided in five experimental groups. The first two groups, Controls (n = 9) and Basal Corticosterone (I? = 9) were fed ad libitum. The other three groups, Controls (n = IO), Basal Corticosterone (II = IO) and Stress Corticosterone (n = IO) were food-restricted.
After 8 d of these treatments, the animals were tested over 2 d for the locomotor response to the intraaccumbens injection of either vehicle or amphetamine. The first day, the animals were placed in the circular corridor at IO A.M. and after a 2 hr period of habituation to the apparatus, they were injected with vehicle and their locomotor response was recorded for 2 hr over IO min intervals.
The second day, the same procedure was repeated, but instead of receiving intra-accumbens vehicle, the animals were administered with amphetamine.
In as within factor (12 levels for the amphetamine experiment, 6 levels for the morphine experiment). ANO-VA was also used in order to study changes in fluid intake and plasmatic corticosterone levels.
Results
Experiment I: &f&t of stress-induced corticosterone secretion on the locomotor response to intru-accumbens injection oj amphetumine Neither food restriction [F( I ,34) = 1.325, P = 0.2571 nor manipulations of corticosterone secretion [F( l,34) = 0.671, P = 0.4181 modified the locomotor response to intra-accumbens vehicle injections (Fig. I) . However, food restriction increased the locomotor response to intra-accumbens amphetamine [Food Restriction effect, F( l,34) = 3.83, P < O.OS] and this effect was abolished by fixing corticosterone levels in the range of the basal ones [Basal Corticosterone secretion X Food Restriction interaction, F( l,34) = 3.742, P < 0.051 (Fig. I ) . Thus, in the groups with an intact corticosterone secretion (Controls), food-restricted rats had a higher locomotor response to amphetamine than ad libitum fed animals [F( I, 17) = 6.599, P < 0.021. On the contrary, in the groups in which stress-induced corticosterone secretion was suppressed (Basal Corticosterone groups), ad libitum fed and food-restricted animals did not differ (F( l,l7) = 0.00, P = 0.981 and had a locomotor response similar to the one of ad libitum fed sham rats [F( I .l6) = 0.219, P = 0.648 and F( I .l7) = 0.322, P = 0.577, respectively].
Addition of corticosterone (100 pg/ml) in drinking water significantly increased nocturnal levels of corticosterone [F( I, 12) = 4,42 P < 0.051 bringing them in the range of those classically observed during stress. Corticosterone levels (pg/lOO ml) were: Corticosterone group = 38 + 8.9, Controls = 18.3 + 4. This treatment also restored the increase in locomotor response to amphetamine induced by food restriction (Fig. 2, left panel) . Thus, food restricted rats with an intact corticosterone secretion had a higher locomotor response to amphetamine than foodrestricted Basal Corticosterone rats [F( I ,l8) = l2,68, P < 0.0021, whereas they did not differ from Stress Corticosterone animals [F( l,l8) = 0.362, P = 0.551. (Fig. 3) . Food restriction prolonged the locomotor response to morphine [Food Restriction X Time interaction, F(5,l 15) = 5.1 I. P < O.OOl] and this effect was suppressed by fixing corticosterone levels in the range of the basal ones [Basal Corticosterone secretion X Food Restriction X Time interaction, F(5, I IS) = 2.26, P < 0.021 (Fig. 3) . Indeed, food-restricted rats with an intact corticosterone secretion showed a longer locomotor response to morphine than ad libitum fed controls [F(5,55) = 4.32, P < 0.002], whereas this effect disappeared in food restricted rats in which stress-induced corticosterone secretion was suppressed (Food-restricted Basal Corticosterone). Ad libitum fed Basal Corticosterone and ad libitum fed Controls animals did not differ for their response to morphine in total [F( I, I I) = 0.014, P = 0.901 or over time [F(5,55) = 0.17, P = 0.171. However during the first hour after the injection of morphine Food-restricted Basal Corticosterone rats presented a smaller response to morphine than ad libitum fed Controls [Food Restriction X Time interaction, F(5,65) = 2.52, P < O.OS] and ad libitum fed Basal Corticosterone rats [Food Restriction X Time interaction, F(5.60) = 3.53, P < O.Ol]. This result may be explained by the fact that food restriction decreased the nocturnal intake of water. Indeed, it has been previously shown that the reinstatement of basal locomotor response to morphine depends on the addition of corticosterone to the nocturnal drinking water (Marinelli et al., 1994) . The mean nocturnal intake (over the 8 nights of the food restriction period) was lower in food-restricted Basal Corticosterone rats (31.88 + 2.64 ml) than in the ad libitum fed Figure   1 . Effects of food restriction on the locomotor response to the intra-accumbens injection of either vehicle (1 PI/side) or amphetamine (10 kg/side) in rats with an intact (Conrrols) or suppressed stress-induced corticosterone secretion (Basul Cot-ricosr~onu). In the Basal Corticosterone groups plasmatic levels of corticosterone were fixed in the range of basal ones by adrenalectomy and substitutive treatments. Food restriction (80% of initial body weight) did not modify the locomotor response to vehicle in Controls and Basal Corticosterone animals. Suppression of stressinduced corticosterone secretion abolished the sensitization of the locomotor response to amphetamine induced by food restriction. In the Control groups, food-restricted rats had a higher locomotor response to amphetamine than ad libitum fed animals [F( 1.17) = 6.599, P < 0.021. On the contrary, food restriction did not increased the locomotor response to amphetamine in Basal Corticosterone animals.
Basal Corticosterone animals (43.5 5 5.3 ml) [F( 1,12) = 4.44, P < 0.051.
The elevation of corticosterone levels in the range of those observed during stress restored the increase in the locomotor response to morphine induced by food restriction. Thus, food restricted animals with an intact corticosterone secretion had a higher [F(l,l2) = 7.08, P < 0.021 and longer [F(5,60) = 2.29, P < 0.051 locomotor response to morphine than food-restricted rats in which stress-induced corticosterone secretion was suppressed, whereas they did not differ from food-restricted StressCorticosterone animals for the locomotor response to morphine in total [F( I ,lO) = 0.03 I, P = 0.911 or over time [Food Restriction X Time interaction, F(5,50) = 0.66, P = 0.641 (Fig. 2,  right panel) .
Discussion
The results presented in this report suggest that glucocorticoids control stress-induced behavioral sensitization by changing the response of the mesencephalic dopaminergic transmission to drugs. Thus, food restriction-induced sensitization of the locomotor response to intra-accumbens amphetamine or intra-VTA morphine was suppressed in adrenalectomized animals in which corticosterone levels were fixed in the range of basal ones. These findings point to an involvement of dopamine because the locomotor activity induced by the injection of psychostimulants in the accumbens (Kelly and Iversen, 1976; Delfs et al., 1990) or of opioids in the VTA (Joyce and Iversen, 1979; Kalivas et al., 1983; Vezina and Stewart, 1984) depends on the activation of the mesencephalic dopaminergic transmission. Sensitization of dopamine-mediated responses to psychostimulants and opioids was specifically dependent on stress-induced secretion of corticosterone. Indeed, sensitization was reinstated when adrenalectomized rats received corticosterone at doses that induced plasma levels of the hormone that were in the range of those induced by stress. Sensitization of reinforcing and motor effects of drugs can also be induced by repeated injection of psychostimulants and opioids (Robinson and Berridge, 1993) . Stress-and drug-induced sensitization have common final effects on drug response, and are often combined under the common definition of behavioral sensitization (Kalivas and Stewart, 1991) . However, generalizations from stress-induced sensitization to drug-induced one require caution, in fact the two phenomenon differ in many aspects. For example, the development and expression of druginduced sensitization is facilitated when the injections are intermittent and spaced by an interval of a few days and when a long drug-free period is left between the treatment and the challenge injections (Robinson and Becker, 1986; Kalivas and Stewart, 1991) . Furthermore, the expression of drug-induced sensitization is largely controlled by learning phenomenon and in particular by the conditioning of drug effects to environmental cues (Stewart and Badiani, 1993) . All these parameters do not seem to play an important role in stress-induced sensitization. Behavioral sensitization has been induced by stressors that are continuous, such as food restriction (Campbell and Fibiger, 197 Figure 2 . Locomotor response to the intra-accumbens injection of amphetamine (10 &side) or of the intra-VTA injection of morphine (I kg/ side) in groups of food-restricted rats differing for corticosterone secretion. Controls, Rats with an intact corticosterone secretion. Bc~sal Corticosrerone, Rats whose plasmatic levels of corticosterone have been fixed in the range of basal ones by adrenalectomy and substitutive treatments. Stress Corticosteronr, Animals in which stress-induced levels of corticosterone have been reinstated by the addition of corticosterone (100 )*g/ml) in the drinking water. Food-restricted animals (80% of their initial body weight) with an intact corticosterone secretion (Controls) had a higher locomotor response to amphetamine [F( I .18) = 12.68, P < 0.002] and a higher [F( 1.12) = 7.08, P < 0.021 and longer (F(5.60) = 2.29. P < 0.051 locomotor response to morphine than food restricted rats in which stress-induced corticosterone secretion was suppressed (Basal Corticosterone), but did not differ from Stress Corticosterone animals.
short duration, such as electric foot-shock, restraint, or tail pinch (Antelman et al., 1980; Piazza et al., 1991; Deroche et al., 1992; Goeders et al., 1994; Shaham and Stewart 1994) , and this occurs both when the stress is administered daily and when variable time intervals separate the stress sessions. Also, the interval between the stress and the challenge injection does not seem to influence the expression of stress-induced behavioral sensitization. For example, after the same stress schedule, a similar degree of sensitization has been observed both when the challenge injection substituted the daily stress session (Antelman et al., 1980) or when a I week stress-free period was left before the injection of the drug (Piazza et al., 1990) . Finally, stress-induced sensitization has also been found when it is impossible to establish any temporal or environmental link between the stressor and the injection (Piazza et al., 1989 (Piazza et al., , 1990 Maccari et al., 1991; Deroche et al., 1992a) . The most striking example along this line is the finding of behavioral sensitization in adult animals that were stressed during the last 2 weeks of prenatal life (Demini&e et al., 1992) .
Our findings confirm and extend current knowledge on the effect of food-restriction on the sensitivity to drugs of abuse. Indeed, several works have shown that food-restriction increases oral or intravenous self-administration of opioids (Carroll et al., 1979; Carroll and Meisch, 1981; Carroll, 1982) and psychostimulants (Papasava and Singer, 198.5; De Vry et al., 1989) as well as sensitizes the locomotor response to a systemic injection of these drugs (Campbell and Fibiger, 1971; Deroche et al., 1993a) . We show here, for the first time, that the effects of food restriction are mediated by changes in the neuronal response to drugs. Thus, food restriction-induced sensitization is also found when the behavior is induced by central injection of psychostimulants or opioids.
Stress-induced corticosterone secretion may modify dopamine-dependent response to amphetamine and morphine by a direct action on dopaminergic transmission. Two possible mechanisms are likely. First, corticosterone could act directly on dopaminergic neurons modifying drug-induced increases in the extracellular concentration of dopamine. Mesencephalic dopaminergic cells possess glucocorticoid receptors (Hlrfstrand et al., 1986) and evidences exist that corticosterone can modify metabolism (Ho- Van-Hap et al., 1967; Rothschild et al., 1985) , extracellular concentrations (Imperato et al., 1989; Mittleman et al., 1992) and reuptake (Gilad et al., 1987) of dopamine. Second, corticosterone could modify the action of dopamine on the postsynaptic side. Though, contrasting reports exist in the literature, some evidence suggests that glucocorticoids could facilitate the postsynaptic dopaminergic transmission (Faunt and Cracker, 1988, 1989; Biron et al., 1992) .
Stress-induced corticosterone secretion could also modulate dopamine-dependent locomotor responses to drugs by acting on other neuronal systems. The opioid system is one of the most probable corticosterone targets. First, opioid afferents to dopaminergic neurons modulate stimulant effects of drugs (Kalivas, 1985) . Second, food-restriction enhances opioid activity in the CNS (Knuth and Friesen, 1983; Tsujii et al., 1986a,b; Vaswani et al., 1986 Effect of food restriction on the locomotor response to the intra-VTA injection of either vehicle (I PI/side) or morphine (1 (*g/side) in animals with an intact (Controls) or suppressed stress-induced corticosterone secretion (Basal Corricosferone). In the Basal Corticosterone groups, plasmatic levels of corticosterone were fixed in the range of basal ones by adrenalectomy and substitutive treatments. Food restriction (80% of initial body weight) did not modify the locomotor response to vehicle in Controls and Basal Corticosterone animals. Suppression of corticosterone secretion abolished the sensitization of the locomotor response to morphine induced by food-restriction. In the Control groups, food-restricted rats had a longer locomotor response to morphine than ad libitum fed animals [Food Restriction X Time interaction, F(5.5.5) = 4.32, P < 0.002], whereas this difference disappeared in Basal Corticosterone rats. Furthermore, though ad libitum fed Basal Corticosterone and ad libitum fed Controls rats did not differ, food-restricted Basal Corticosterone animals responded significantly less to morphine than the other groups. and behavioral indexes of central opiate transmission, as well as certain behavioral effects of morphine. Corticosterone has been found to increase the effects of enkephalin on hippocampal slices (Vidal et al., 1986) , whereas adrenalectomy decreases preproenkephalin mRNA in the striatum (Chao and McEwen, 1990) . In behavioral studies, it has been shown that adrenalectomy decreases the opioid form of stress- (McLennan et al., 1982) , food restriction- (Hamm et al., 1985) , and brain stimulation-induced analgesia (Thorn et al., 1985) , as well as morphine-induced eating (Bhakthavatsalam and Leibowitz, 1986 ) and locomotion (Marinelli et al., 1994) . Corticosterone may control stress-induced sensitization of dopamine-dependent effects of drugs also by acting on GABA, 5-HT, and excitatory amino acid transmission. All these neuronal systems can modulate dopamine-mediated response,s to opioids and psychostimulants (Scheel-Kriiger et al., 1981; Kalivas et al., 1989; Kelland et al., 1990; Pulvirenti et al., 1991) and are influenced by corticosterone.
Glucocorticoids have been reported to modulate the binding capacity of 5-HT receptors (Biegon et al., 1985) and GABA receptors (Majewska et al., 1986; Majewska, 1987; Sutanto et al., 1989) and to potentiate glutamatergic transmission (Tischler et al., 1988; Sapolsky, 1990) .
The multitude of possible neural substrates by which glucocorticoids can influence dopamine-dependent behaviors can explain the fact that these hormones modulate both the locomotor response to cocaine and morphine. In fact, although morphine and cocaine act through dopamine in order to increase locomotion, their mechanism of action is very different. Cocaine is an indirect dopamine agonist that principally blocks dopamine reuptake (Reith et al., 1980; Ritz et al., 1987) and exercises its stimulant effect by acting on DA terminals, but not cell bodies. Conversely, morphine activation of DA neurons occurs in the VTA and results from the release of DA cells from an inhibitory GABA input (for review, see Kalivas and Stewart, 1991) . That glucocorticoids control behavioral responses to cocaine and morphine by different mechanisms is also suggested by a recent observation. Marinelli and coworkers (1994) have shown that in adrenalectomized animals the basal, nonsensitized, locomotor response to cocaine is reinstated solely by the basal diurnal levels of corticosterone.
In contrast, for morphine the reinstatement of the entire circadian secretion of the hormone is necessary.
Modulation by corticosterone of stress-induced sensitization of dopamine-dependent behavioral responses to drugs extend our knowledges on the influence that these hormones exercise on vulnerability to drugs. It has been previously shown that glucocorticoids contribute to determine individual differences in the propensity to develop drug self-administration.
Animals spontaneously predisposed to develop self-administration (High Responders) have a longer stress-induced secretion of corticosterone (Piazza et al., 1991 b) and are more sensitive to the behavioral effects of this hormone (Piazza et al., 1993) . Furthermore, the administration of corticosterone to subjects that show a low predisposition to develop self-administration (Low Responders, LR) increases their propensity to self-administer amphetamine (Piazza et al., 199lb) . The results reported here suggest that glucocot-ticoids play an important role not only when vulnerability is spontaneously present in certain individuals, but also when it is induced by stress. This idea is also supported by the observation that stressors that increase vulnerability to self-administer psychostimulants also prolong stress-induced corticosterone secretion (Maccari et al., 1991 (Maccari et al., , 1995 Piazza et al., 199la.b; Deminikre et al., 1992) .
In conclusion, glucocorticoids may control stress-induced sensitization by modulating the sensitivity of the mesencephalic dopaminergic transmission to psychostimulants and opioids. As addictive properties of drugs seem, at least in part, mediated by their dopaminergic effects (Fibiger and Phillips, 1988; Koob and Bloom, 1988; Wise and Rompre, 1989; Le Moal and Simon, I99 I ; Robinson and Bet-ridge, 1993 ) the present findings support the hypothesis (Piazza et al., 199la ) that glucocorticoids may increase vulnerability to drug abuse by acting on mesencephalic dopaminergic neurons.
